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Overview
The basic method of calculating displaced emissions due to renewable power generation involves multiplying a steady-state emissions factor (unit mass pollutant / unit power generated) for the marginal technology by the installed renewable capacity and capacity factor. While it is a reasonable first order approximation, this method has a tendency to overestimate displaced emissions. The method fails to account for changes in the operation of fossil-fueled units that result from increasing wind penetration in the power system.

Some work has already been done to address this issue. Katzenstein and Apt found reductions in the CO2 emissions benefits of wind and solar due to increased ramping of gas turbines required to balance the system to provide baseload power. A recent report by Bentek energy (Energy 2008) argued that wind power in Colorado and Texas has increasingly caused coal generators to ramp in response to high wind events. Operating coal plants at part load may result in reduced efficiency (Sengupta & Datta 2007) as well as increased NOX emissions rates. Some observers have also noted that operators who ramp their coal plants may incur increased operation and maintenance costs due to fatigue and corrosion (Lefton & Besuner 2006; D Lew 2011). If these costs are included in unit commitment and dispatch decisions, they will likely result in reduced ramping of coal units (Lefton & Besuner 2006).

This study addresses two questions. First, since fossil-fueled units must be dispatched to compensate for variability in wind power output, the behavior of fossil fueled plants will change with increasing wind penetration. How do the operating and emissions behaviors of fossil-fueled units, especially coal, change with wind penetration in existing power systems?

Second, as wind penetration is increased, coal ramping will likely continue to increase as well. Changes in the amount of ramping imply changes in two types of costs: operation and maintenance costs, incurred by the owners of coal plants, and system costs, the sum of costs incurred by all parties in order to balance the system. While increases in ramping are likely associated with increased operation and mainteance cost, the opposite may be true for system costs: decreasing ramping by constraining the operation of coal plants may reduce flexibility and result in increased system costs. Without attempting to quantify the changes in operation and mainteance costs associated with ramping, what are the changes in system costs and emissions associated with restricting the ramping of coal units in high wind scenarios?

Methods
The behaviors of fossil units are examined using the EPA’s Continuous Emissions Monitoring System (CEMS) database. The CEMS database provides hourly data on heat input, electric energy produced, and emissions of CO2, NOX and SO2 at the unit level for fossil-fueled plants in the U.S. Three measures of ramping are assessed for each unit type in one week periods from 2007-2010: the number of startups/shutdowns, the capacity factor above which 95% of the energy on the system is produced, and the coefficient of variation of the power output. First, these measures are used to inform emissions models of individual units based on their operating condition. Next, the ramping measures are regressed against the wind energy penetration for each period. Finally, the total emissions for each period are regressed against wind penetration.

The question of the economic and emissions benefits associated with allowing coal units to ramp is addressed through a Unit Commitment and Economic Dispatch (UCED) model. The model consists of a deterministic least-cost optimization model that minimizes the cost of meeting the demand for energy in each period subject to unit operating constraints and system-wide reserve requirements.  The model outputs an operating schedule for the power system. Emissions are determined from the operating schedule based on unit-level emissions models constructed from the CEMS data. The UCED is run with varying wind penetration levels and constraints on coal ramping and the resulting costs and emissions levels are observed.
Results
Preliminary results indicate that elevated emissions occur during startups and shutdowns of fossil-fueled units, but are largely independent of ramp rate within the normal operating range. We do observe increased ramping with wind penetration, but for current levels of wind penetration, these do not translate into increased emissions levels. Results from the UCED model are not yet available.
Conclusions

Accurate information on emissions associated with wind power is essential for the design of policy to achieve emissions reduction targets. Since coal plants contribute a large portion of the electrical energy produced in the United States, their behavior is particularly important. Furthermore, the system-level economic and emissions implications associated with coal ramping are important in informing utility and system operator decisions in power systems with high wind penetration. Preliminary results indicate that high emissions and economic costs are incurred when fossil units are started up and shut down. However, ramping within the normal operating range does not appear to have a strong effect. Further, increased wind penetration appears to result in more ramping of fossil-fueled units, but the increased ramping does not result in observable emissions increases for current power systems. Final results will indicate whether limiting the ramping of coal plants would result in increased or decreased costs and emissions in high wind scenarios. 
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